base of the mucosa . About 20-25 fields could be examined in each transverse section of gut . The density of ACC in the lamina propria was calculated from the volume of tissue examined, the depth of tissue being 5 Am and the field diameter 220 Am . Thus, a mean of one fluorescing cell per field equalled 5,260 cells/mm3 in the region of the mucosa examined . No fluorescent cells were seen in sections of gut from nonimmunized rats stained as above or in sections from immunized rats in which toxoid was omitted from the staining sequence .
Ig Class of Antibody in ACC. The Ig class of antibody in ACC was determined by combined incubation of TDL smears or gut sections with fluorescein-conjugated antitoxin and 1251-labeled rabbit F(ab') 2 antirat Ig. The anti-Ig was diluted 1 :10-20 with DAB (Dulbecco A and B balanced salt solution), and unlabeled anti-Ig was added to maintain a protein concentration of 8 A,g/ml . TDL smears or gut sections were incubated with one drop each of diluted 125 1-labeled anti-Ig and purified toxoid (30 min, 20T), washed with PBS, and stained with fluorescein-conjugated antitoxin as above. After a final wash, the slides were again fixed in 95% ethanol for 30 min at 20°C . For autoradiography, the slides were dipped in Ilford K2 emulsion (Ilford Ltd ., Ilford, Essex, England) diluted 2 :1 with water and developed after exposure for 20 h . The preparations were examined both for fluorescing cells (using UV light) and cells with autoradiographic labeling (7-100 grains/cell, using tungsten light and a dark field condenser) . Cell counts continued until at least 100 fluorescing cells were counted on each slide (TDL smears) or until all fluorescing cells had been counted (gut sections) .
Statistics . Statistics were evaluated by Student's t test .
Results
Appearance of ACC in Thoracic Duct Lymph and Gut Lamina Propria PRIMARY I .P . OR INTRAINTESTINAL IMMUNIZATION . When rats were given a single dose of 100 Wg purified toxoid i .p. or 1 mg purified toxoid intraduodeDally, no ACC were seen among TDL examined [1] [2] [3] [4] [5] days later or in small bowel mucosa examined 4-14 days later. When 100 hg purified toxoid was given in FCA i.p., few ACC were identified among TDL collected [15] [16] [17] [18] [19] [20] [21] days later (Fig .  1) . However, beginning 19 days after immunization and lasting at least until day 90, ACC were present in the lamina propria, predominantly that of the colon. A few were seen in the ileum and virtually none in the jejunum (Fig. 2) . These doses of antigen, routes of administration, and examination intervals served as controls for subsequent studies on the effect of boosting in previously immunized rats.
INTRAINTESTINAL OR I .P. BOOSTING OF PREVIOUSLY PRIMED RATS . To study secondary cellular responses in the intestinal immune system rats were given. either intraduodenal or i.p. toxoid boosters 14 days after either i.p. or oral toxoid priming. The most striking response was observed in rats primed with an i.p. dose of toxoid in FCA and boosted intraduodenally (Fig. 1 ). ACC were consistently present among TDL collected 50-100 h after the intraduodenal boost reaching an average peak of about 200,000 ACC/h at 76 h. The ACC were almost entirely large lymphocytes with homogeneous cytoplasmic fluorescence (Fig . 3) . About 60% were intensely fluorescent. Only rarely did small lymphocytes or plasmacytoid cells contain antitoxin. The number of ACC per hour among TDL was related to the size ofthe booster dose of toxoid : rats given 100 jig intraduodeDally had a mean peak response of 60,000 ACC/h (2 rats), while those given crude toxoid to drink (equivalent to 5 mg purified toxoid) averaged 580,000 ACC/h (15 rats). The number of ACC per hour among TDL was not affected by prolonged lymph drainage, the peak response being similar in rats cannulated at the time of intraduodenal boosting or 1-3 days later (Fig . 1 
1553
In the mucosa of the small intestine ACC appeared on the 3rd day after boosting, peaked between the 4th and 6th days, and then declined steadily to approach counts seen in nonboosted animals by the 10th day. Morphologically the ACC were plasma cells and were found in greatest numbers in the basal mucosa among the crypts and in smaller numbers in the lower half of the villi . Few were found in the tips of the villi and none in Peyer's patches. The density of ACC in lamina propria was somewhat greater in ileum than jejunum. No secondary response to the intraduodenal booster was observed in the colon (Table I ) . When the interval between i.p . priming and intraduodenal boosting was extended to 77-105 days, the magnitude of the secondary cellular response in the small intestine was reduced by about 65% (Table II) . When i.p. priming was followed in 14 days by an i .p. boost different results were obtained . ACC were identified among TDL, but the counts were much lower and none were brightly fluorescent (Fig . 4) . In the small intestine and colon there was no increase in ACC above that seen at the same interval after parenteral priming alone (Fig . 4) .
Rats given 1 mg toxoid intraduodenally on days 0 and 14 had no ACC in the small gut on days 18, 19, and 20 and very few among TDL between days 14 and 20. Attempts were therefore made to achieve oral priming with larger doses of toxoid . Rats were given crude toxoid to drink until they had taken the equivalent of 25-40 mg of purified toxoid over a period of 8-16 days . An intraduodenal or i .p. booster was given 14 days after ending oral administration . Fig. 5 shows that rats boosted intraduodenally developed a mean peak of 80,000 ACC/h among TDL about 76 h after boosting . About 75% of ACC were intensely fluorescent. The response to this boost was less than that observed in rats primed i.p. and showed considerable variation from rat to rat. In the gut, ACC occurred predominantly in the jejunum, with smaller numbers in the ileum and none in the colon (Fig. 5 ). The magnitude of this response also varied considerably from rat to rat, the mean peak jejunal response being about half of that observed in animals primed by the i .p. route. Oral priming alone gave no ACC among TDL, very few in the small gut, and none in the colon.
When orally-primed rats were challenged i.p. 14 days after the end of priming, a small response of ACC was observed among TDL and in the small intestine (Fig. 6 ) . The TDL response of about 30,000 ACC/h peaked about 84 h after 
Appearance of ACC in lymph and gut after i .p . boosting of i .p . primed rats . Rats were given 100 , .1g toxoid in FICA i .p . on day 0 and 100 ILg plain toxoid i .p . on day 14 . Data on ACC among TDL is from 3 rats, on lamina propria from 15 rats . boosting. About 65% of these ACC were intensely fluorescent. ACC were seen in thejejunum and ileum, but very few appeared in the colon. This response clearly differed from animals immunized entirely by the i.p . route, in which intensely fluorescent cells were absent among TDL, and in which there was no secondary response of ACC in gut lamina propria. Influence of Regional Intestinal Challenge on Distribution of ACC in Gut Lamina Propria . In rats primed with i.p. toxoid, the region of the gut into which a booster dose of toxoid was injected had a marked influence upon the distribution ofACC in the lamina propria at the peak of the secondary response (Table I) . After injections into the duodenum, terminal ileum, or ascending colon the greatest density of ACC in the lamina propria always occurred at, or Appearance of ACC in lymph and intestine after i .p . boosting of orally primed rats . Rats were primed orally by drinking 25-40 mg of toxoid in [8] [9] [10] [11] [12] [13] [14] [15] [16] days . 14 days after the end of oral toxoid they received 100 wg toxoid, i .p ., without adjuvant . Data on ACC among TDL from 4 rats, on lamina propria ACC from 9 rats . distal to, the injection site . Thus, after colonic injection there was a marked response of ACC in the transverse colon, but no significant increase in ACC in the small intestine . Conversely, after duodenal injection there was a marked response of ACC in jejunum and ileum, but no significant response in the colon. After ileal injection significant increases in ACC density were observed throughout the gut, but the greatest response was clearly in the terminal ileum.
Effect ofDraining Thoracic Duct Lymph Upon the Appearance ofACC in Gut Lamina Propria. To test the idea that the ACC that arose in the lamina propria after immunization with toxoid were derived from lymph-borne precursors, continuous drainage of cells, and lymph from the thoracic duct was instituted in primed rats (toxoid in FICA i.p.) at the time of intraduodenal boosting . This procedure virtually abolished the ACC response in the small intestine on examination 5 days after boosting (Table I) . A small increment of ACC was observed in the colon.
Gut Localization of Transfused ACC from Thoracic Duct Lymph . Washed TDL from immunized rats were given intravenously to normal rats to determine whether they included cells that would appear as ACC in the lamina propria of the intestine. TDL were collected 21/2-4 days after oral boosting from a panel of donor rats which had been primed i.p. 14 days earlier. Cells were pooled, washed once in PBS, resuspended in PBS, and injected i.v. into two pairs of littermate recipients . One recipient in each pair was given oral toxoid from the time of the cell transfer until death to determine whether intestinal toxoid increased the density of lamina propria ACC, possibly by recruiting more ACC precursors or by inducing their division within the lamina propria. Table III shows that the recipients had large numbers ofACC in the lamina propria, especially in that of the small intestine, when killed 5-6 h after cell transfer. The density of ACC in the small gut was four to fivefold greater than in the colon. The administration oftoxoid orally during and after cell transfer did not increase the density ofACC in any portion of the gut.
Serum Antitoxin Titers in Immunized Rats . Oral priming with or without intraduodenal or i.p. boosting yielded little or no serum antibody (Fig. 7) . In contrast, rats that had been primed i.p. developed moderate titers by day 22 and a significantly increased titer after either intraduodenal or i.p. boosting.
Ig Class of Antitoxin Within ACC in TDL and Gut Lamina Propria. The Ig class of the antitoxin within TDL from immunized rats and the proportion of all Ig-containing cells in lymph which were synthesizing antitoxin are set out in Table IV . Consistent with previous reports (3, 4) IgA was the predominant internal Ig in rat TDL. The Ig class of internal antitoxin in TDL was influenced by the route of immunization . When immunization was entirely by the intestinal route it was virtually all IgA and at the peak of the response about 17% of all IgA-containing cells were ACC (Table IV) . In rats primed i.p. and boosted intraintestinally it was still predominantly IgA, but 9% of ACC contained IgG2 (Table IV) . In two additional rats that had been primed and boosted i.p . the small number ofACC that appeared in thoracic duct lymph (Fig . 4) contained predominantly IgG2 (73%), while only 16% contained IgA; at the peak ofthis response 46% of all IgG2-containing cells in the lymph were ACC.
In the lamina propria ofthe ileum IgA was also the predominant class of Ig in ACC. In two rats primed i.p. with toxoid in FCA and boosted intraduodenally, IgA, IgG2, or IgM were present in 76, 6, and 5% of ACC, respectively, when tissue was examined 5 days after boosting .
Discussion
The aim of the present work was to study the development of immunity to cholera toxin in the rat as assessed by the appearance ofcells containing cholera antitoxin in the lamina propria of the intestine. The first problem was to devise immunization procedures which would provoke the appearance in the gut of large numbers of ACC . The second problem was to determine the origin of these cells, particularly the extent to which they may be derived from migrating large lymphocytes which enter the blood by way of the thoracic duct . It was not established that the density of ACC in the lamina propria is a direct measure of the resistance ofthe intestine to challenge with cholera toxin, although this is a reasonable assumption .
Very few ACC appeared in the small intestine after single administrations of cholera toxoid either i .p. in FCA or orally . However, when animals that had been primed i.p. were subsequently given toxoid orally or by intraintestinal injection large numbers of ACC, in which the immunoglobulin was almost exclusively IgA, appeared rapidly in the thoracic duct lymph and, shortly afterwards, in the lamina propria of the small intestine. In contrast, an i.p. Values are mean and range in TDL 3-4 days after boosting . Cells collected during first day after cannulation of thoracic duct. boost given after i.p. priming gave no ACC response in the gut, which accords with other reports that parenteral immunization gives a poor secretory IgA response (12, 13) . Oral priming was relatively inefficient, requiring the prolonged administration of large amounts of antigen, possibly reflecting the limited capacity for antigen trapping in Peyer's patches (14) or the failure of effective quantities of antigen to reach the gut-associated lymphoid tissue . The vigorous ACC response observed after intraintestinal challenge indicates that i .p. or prolonged oral administration of toxoid can establish immunological memory in the secretory IgA system of the gut.
The secondary ACC response among TDL was detectable 2 days after intraintestinal boosting and rose rapidly during the next day to a maximum of about 200,000 ACC/h; at the height of the response about 1% of all TDL were ACC of which more than 80% contained IgA. The time-course of this cellular response was similar to that seen in the lymph from peripheral lymph nodes after regional immunization with other antigens (15) , although the predominant class of cell-contained Ig was different: IgA in TDL and predominantly IgG and IgM in cells in the lymph from peripheral lymph nodes (16) .
Earlier studies have shown that plasma cells in the lamina propria of the gut are derived, at least partly, from nonrecirculating precursors among the large lymphocytes in thoracic duct lymph (1,2,4), which probably originate in Peyer's patches or mesenteric lymph nodes (5,17) . The observation in the present study that thoracic duct drainage, started at the time of intraintestinal boosting, profoundly depressed the ACC response in the gut suggests that lymphocytes in the thoracic duct are the major source of these cells. In addition, the importance of the intestinal route for efficient boosting by antigen is strong evidence that these ACC arise in gut lymphoid tissue drained by the thoracic duct, that is, in the Peyer's patches or mesenteric lymph nodes . During the secondary response up to 17% of TDL with internal IgA also contained antitoxin. Although it seems likely that these ACC among TDL are the cells that were subsequently identified in the lamina propria it is possible that non-ACC in lymph also contributed to the response by completing their differentiation after migration into the lamina propria. It has been shown in nonimmunized rats that about 20% ofTDL that carry surface IgA lack internal IgA (3).
The migration of large lymphocytes into embryonic and neonatal gut (18, 19, 4) suggests that selective homing does not depend on the presence of bacterial antigens in the gut. Similarly, after the transfer of TDL from immune donors, large numbers of ACC accumulated in the gut of recipients that had not been exposed to toxoid . Although specific antigen is not necessary for the localization of IgA-containing cells in the gut the present study showed that it can exert a significant effect upon their distribution along it. After intraintestinal boosting the greatest density ofACC consistently occurred at, or distal to, the boosted site irrespective of whether this was proximal or distal small bowel or colon. This was not due to antigen-induced activation or multiplication of precursors within the lamina propria because, firstly, rats fed toxoid during and after the transfer of immune TDL showed no greater numbers of ACC in the lamina propria than recipients not fed toxoid, and secondly, the concentration of ACC at the boosted site appeared to occur at the expense of ACC in more distant regions of the gut.
1
Previous studies have shown that [3H]thymidine labeled large TDL home predominantly to the small gut, the large gut receiving only a small fraction of all gut-localizing cells (1,2) . The only conditions in the present study in which the ACC density in the large gut exceeded that in the small was after i.p . priming along and in rats given a colonic booster after i.p. priming. The possibility that the large and small gut differ in the mechanisms by which plasma cells are generated or localized cannot be excluded .
The results of this study have practical implications for inducing optimal mucosal immunity to soluble nonreplicating protein antigens . They are consistent with previous studies that suggest that parenteral antigen administration does not induce mucosal immunity (12) , apart from the contribution of antibody derived from the serum (20) . While mucosal immunization can be accomplished entirely by the local route it is clear that i.p . priming followed by local boosting is a more efficient regime, and this may also be true when priming is by the subcutaneous or intramuscular routes . Parenteral priming has the additional advantage that it prepares the whole gut, and probably other mucosal surfaces (13) , for a secondary response to a local booster. Recent studies have shown that a regime of subcutaneous priming and oral boosting with cholera toxoid leads to prolonged protection . Dogs immunized in this way were protected against oral challenge with viable V. cholerae for at least 8 mo. This protection occurred in the absence of any lasting elevation in serum antitoxin titer and was of much longer duration than that induced when priming and boosting were done entirely by the subcutaneous or oral routes .2
Summary
The aims of this study were (a) to find a regime of immunization with cholera toxoid in rats which would establish a high density ofantitoxin containing cells (ACC) in the lamina propria of the intestine and (b) to determine the origin of the ACC . The best cellular response was achieved by a single i.p. dose oftoxoid in FCA followed by an intraintestinal boost 2 wk later. ACC appeared in the thoracic duct lymph 2 days after boosting, reaching a peak of about 200,000 ACC/h at 3-4 days. This was followed by the appearance of large numbers of ACC in the intestine . The i.p. dose of toxoid by itself gave rise to very few ACC in the gut or thoracic duct lymph, but it had clearly primed the gut immune system for a secondary response . Priming was also achieved by the prolonged oral intake of toxoid . The importance of the intestinal route for boosting was shown by the failure of i.p. challenge to give an ACC response in the intestine after i .p . priming and the small response it provoked after oral priming. ACC among thoracic duct lymphocytes (TDL) and in the lamina propria contained predominantly IgA. Two observations indicated that the major source of the lamina propria ACC was from cells that emerged in the thoracic duct lymph after intraintestinal challenge. Firstly, the establishment of a thoracic duct fistula immediately before challenge prevented the appearance of ACC in the intestine. Secondly, many ACC appeared in the intestine of normal rats after the injection of TDL rich in ACC. Although homing of ACC precursors to the gut was not antigen-dependent, the distribution of ACC in the lamina propria was considerably influenced by the site of the intestinal challenge, the density of ACC being greatest at or distal to the site of injection oftoxoid into the lumen of the gut.
